Background: Various conduits and stent-mounted valves are used as pulmonary valve graft tissues for right ventricular outflow tract reconstruction with good hemodynamic results. Valve replacement carries an increased risk of infective endocarditis (IE). Recent observations have increased awareness of the risk of IE after transcatheter implantation of a stent-mounted bovine jugular vein valve. This study focused on the susceptibility of graft tissue surfaces to bacterial adherence as a potential risk factor for subsequent IE.
Graft tissue surface structure, source, and bacterial surface proteins are not prime determinants of bacterial adhesion to graft tissues used for right ventricular outflow tract reconstruction in static and flow conditions.
Perspective
As a first step to exploring the complex processes that initiate IE, we have clarified bacterial adhesion to different graft tissues in vitro. Future studies will use the flow model to investigate the impact of plasma proteins, platelets, and inflammatory cells to bacterial adhesiveness. Increased knowledge of these factors will facilitate further studies using in vivo models of IE pathogenesis in graft conduits.
See Editorial Commentary page 333.
Infective endocarditis (IE) remains a diagnostic and therapeutic challenge associated with high morbidity and mortality and is especially prevalent in patients with congenital and acquired heart valve disease. 1 Novel therapeutic strategies for valve replacement in the right ventricular outflow tract (RVOT) have improved patients' quality of life, Center for Molecular and Vascular Biology, e although treatment-associated limitations and complications, especially IE, remain major concerns. [2] [3] [4] Implantation of a competent pulmonary valve in RVOT reconstruction or Ross procedure can be achieved by surgical or transcatheter implantation of cryopreserved human pulmonary homograft (CH) and bovine jugular vein (BJV) grafts. 2, [5] [6] [7] Recent observations have increased awareness of the risk for IE after successful transcatheter implantation of a stent-mounted BJV conduit. 2, [8] [9] [10] Comparative studies have showed a significantly higher incidence of IE in BJV grafts compared with surgically implanted CH grafts. 4, 10 The impact of the source and design of the valve conduits on the onset of IE remains unknown.
Staphylococcus aureus, Staphylococcus epidermidis, and Streptococcus sanguinis are among the main bacterial pathogens responsible for IE.
1 S aureus can cause severe infection of prosthetic materials and medical devices, related to its remarkable capacity to adhere to several surfaces and interact with extracellular matrix (ECM) components, platelets, and human coagulation factors, even in experimental flow conditions. 1, 11, 12 However, recent reports of stent-mounted BJV conduit IE have not shown any predominance for specific microorganisms. 2, 10 IE commonly develops at the inflow surface of the heart valves at sites of recurrent high pulsatile shear stress neighboring areas of low flow. 13 Consequently, bacterial adhesion to the graft appears to be a shear stress-controlled process. Thrombosis also can occur in implanted conduits, 14, 15 creating the optimal conditions for the onset of IE in such lesions.
In this study, we aimed to investigate the susceptibility of bovine pericardium (BP), BJV tissue, and CH tissue for bacterial adherence. Major relevant bacteria causing IE, as staphylococci and streptococci, were evaluated using an in vitro experimental setup to assess adherence to different graft tissues under static and shear stress conditions. Tissue surface composition and flow were tested as differential determinants of bacterial adhesion during the initial onset of IE. Better insight into these mechanisms may help identify factors to prevent bacterial adhesion. Our findings from this study will aid the construction of more complex in vitro models, including additional players relevant in the onset of IE, associated with graft tissues.
METHODS

Bacterial Strains and Growth Conditions
We used 3 well-described bacterial isolates in this study, including S aureus Cowan (ATCC 12598), S epidermidis ATCC 149900, and S sanguinis NCTC 7864. S aureus and S epidermidis were grown at 37 C in tryptic soy broth (Fluka, Steinheim, Germany), and S sanguinis was grown at 37 C with 5% CO 2 in brain heart infusion broth (Fluka).
Graft Tissues Studied
The BP patch (Supple Peri-Guard Pericardium; Synovis Surgical Innovations, St. Paul, Minn), CH tissue processed by the European Homograft Bank (EHB; stored at À80 C until use), and heterologous BJV (Contegra conduit; Medtronic, Minneapolis, Minn) were used to investigate bacterial adhesion. For the BJV conduit and CH, both the wall and valvular leaflets were used. The BP patch and BJV conduit were purchased from the manufacturers. The CH thawing process was done in accordance with instructions from the EHB. 7 All tissues were rinsed using 0.9% NaCl before use. A 10-mm Acu-Punch (Acuderm, Fort Lauderdale, Fla) was used to cut circular tissue pieces, as illustrated in Video 1. Pieces of BJV conduit were incubated overnight at 4 C with 200 g/L of human albumin (Flexbumin; Baxter, Westlake Village, Calif) to neutralize glutaraldehyde (protocol optimized during preliminary experiments), and were then rinsed with 0.9% NaCl. Bacterial adhesion was assessed for at least 5 to 17 different tissues pieces, except for the BJV leaflet (3 pieces). A graft tissue sample incubated in PBS served as a negative control.
Bacterial Adhesion Under Static Conditions
Washed 10-mm tissue pieces were placed on poly-(methyl methacrylate) inlets with ring rubber gaskets (in-house design; Figure E1 and Video 1) mounted in a 6-well plate (Nunc, Roskilde, Denmark) and fixed using a metal frame (in-house design; Figure E1 and Video 1). This design allows bacterial contact exclusively on the inner part of the graft tissues. Bacterial inocula were prepared by washing cultures overnight with phosphate saline buffer (PBS) and then labeling them with 5(6)-carboxy-fluorescein N-hydroxy-succinimidyl ester (30 mg/mL; Sigma-Aldrich, St Louis, Mo) for 30 minutes. After washing with PBS, bacteria were diluted to 10 7 colony-forming units (CFU)/mL (verified by CFU counting) in PBS. Then a bacterial suspension corresponding to 10 7 CFU/mL was added to the tissue pieces, allowing adherence for 1 hour at 37 C, as described previously. 16, 17 The 1-hour incubation period is a standardized time frame for sufficient bacterial adhesion, during which differentiation of S aureus, S epidermidis, and S sanguinis binding is possible. 17 Subsequently, the tissue pieces were washed with PBS, cut using an 8-mm Acu-Punch, and transferred into a tube containing 1 mL of 0.9% NaCl, which was then sonicated
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Veloso et al for 10 minutes using a sonication bath (VWR Ultrasonic Cleaner; VWR, Radnor, Pa). The bacterial suspension was serially diluted and spread onto Mueller Hinton blood agar plates for CFU counting. The results are presented as CFU/cm 2 . Scanning electronic microscopy (SEM) and histological analysis were performed following routine procedures.
Bacterial Adhesion Under Flow Conditions
Identically prepared tissue pieces were mounted in a newly developed flow chamber (in-house design at the AME-Helmholtz Institute for Biomedical Engineering, Aachen, Germany; Figure E1 and Video 1). Tissues were perfused with a suspension of 10 7 CFU/mL fluorescent-labeled bacteria (in PBS; verified by CFU counting) at 10 dyne/cm 2 with a peristaltic pump (Ismatec BVP-Z Standard; Cole Parmer, Wertheim, Germany) for 1 hour, 18 with the bacterial reservoir set at 37 C. The bacterial suspension (total volume 100 mL) was allowed to recirculate. After perfusion, tissue pieces were rinsed briefly and treated as described above.
SEM and Histology
Bacterial adhesion was visualized using the IN Cell Analyzer 2000 (GE Healthcare Life Sciences, Pittsburgh, Pa). The tissue pieces were processed for SEM as described by Vanassche et al 19 and scanned using a serial blockface electron microscopy field emission (Sigma; Zeiss, Germany). For histological analysis, tissue pieces were fixed overnight in 4% paraformaldehyde embedded in paraffin and stained with Martius scarlet blue (MSB) or immunohistochemically for von Willebrand factor (VWF), in case of the CH samples.
Statistical Analysis
The bacterial loads, presented as CFU/cm 2 , were compared across graft tissues within the same condition (static or flow) using Kruskal-Wallis 1-way analysis of variance followed by Dunn's multiple-comparisons test. The same analysis was performed to compare bacterial adhesion for different bacteria to a given tissue in static and flow conditions. All statistical analyses were performed with the GraphPad Prism version 6.0 for Mac OS X; (GraphPad Software, La Jolla, Calif). Differences were considered significant at P <.05 (2-sided significance levels).
RESULTS
S aureus Adhesion to Different Graft Tissues
The ability of S aureus Cowan to adhere to the various graft tissues was not significantly different when tested in static conditions (Figure 1, A) . Under shear stress (Figure 1, B) , we also observed a similar degree of S aureus adhesion to all graft tissues, yet with a nonsignificant trend toward greater adhesion to the CH leaflets.
S epidermidis Adhesion to the Different Graft Tissues
Under static conditions, we found similar S epidermidis adhesion to the BP patch and BJV leaflet tissue, but decreased adhesion to the BJV wall, CH wall, and CH leaflet tissue (Figure 2, A; P<.05). Under shear stress conditions, no relevant differences in bacterial attachment were observed across the various graft tissues (Figure 2, B) .
S sanguinis Adhesion to the Different Graft Tissues
S sanguinis NCTC 7864 shows reduced adhesion, especially to the CH wall, compared with that to BP patch tissue in static conditions (Figure 3, A; P<.05), whereas adhesion to BJV leaflets was comparable. A nonsignificant trend toward lower adhesion to the BJV wall and CH leaflets was observed. In flow conditions, compared with the BP patch, reduced bacterial adherence only to the BJV wall was observed (Figure 3 , B; P <.05).
Graft Tissues Show Similar Susceptibility to Bacterial Adhesion
Comparison of bacterial adhesion of the different bacterial species on a given graft tissue revealed similar adhesion to the BP patch and BJV conduit leaflets for the 3 bacteria in both static experiments (Figures 1-3, A) and flow experiments (Figures 1-3, B) . In contrast, in static experiments, S aureus bound significantly stronger on the BJV wall compared to S epidermidis (P < .05). In flow experiments, S sanguinis showed significantly lower adhesion compared with S aureus and S epidermidis for the BVJ wall (P < .05). In the CH wall, S sanguinis showed lower adhesion compared with S aureus and S epidermidis in static conditions (P<.05). Finally, S aureus showed higher adhesion (P <.05) to CH leaflets compared with S sanguinis in the static experiments. Figure 4 depicts bacterial adhesion of S aureus to BJV and CH graft tissues visualized by SEM with MSB. Likewise, Figure 5 shows immunohistochemical VWF staining of CH graft tissue. These microscopical approaches revealed that bacteria adhere in a uniform pattern over the entire graft surface, prominently in a single-cell manner (Figures 4 and 5, A) , although small bacterial aggregates VIDEO 1. Visualization of the experimental procedure to assess bacterial adhesion to graft tissues under static and flow conditions. The tissue preparation, mounting of the tissue in the well plate, with the use of a metal frame (static conditions) and mounting the tissue in the flow chamber is shown. In the experimental setup for static bacterial adhesion, the inlets restrain the bacterial contact to the inner surface of the tissues exclusively. The tissue pieces are mounted in the flow chamber with the inner surface facing up and in contact with the bacterial suspension. The tissue piece is placed between a Lumox slide (with an 8 mm circular perforation to allow contact of the tissue with the bacterial suspension) and a rubber gasket, to prevent dislocation of the tissue piece during the perfusion. The investigated tissue (smaller diameter) is not manipulated by the forceps. The aim of the experimental procedure is to investigate the impact of the tissue surface composition and its origin on bacterial adhesion, especially under shear stress conditions. Video available at: http://www. jtcvsonline.org/article/S0022-5223 (17) (Figure 4 ). On the other hand, the histological analysis after MSB staining showed graft tissues with intact morphological structures composed mainly of collagen fibers and elastin fibers, further illustrating the presence of bacteria attached to the tissue surface (indicated by black arrows in the inserts; Figure E5 , A). Detailed analysis, after VWF staining ( Figure E5, B) confirmed that the ECM on the homograft surface had VWF interruptions, corroborating the SEM analysis ( Figure E4 ). No noticeable difference was observed in the SEM image analysis after adhesion of S epidermidis or S sanguinis to the BJV wall and the CH wall ( Figures E5 and E6) .
Microscopic Analysis of Bacterial Adhesion to Graft Tissues
DISCUSSION
Clinical observations have focused attention on IE as one of the mid-term complications after successful RVOT valve replacement. Indeed, different studies have raised awareness that the risk of IE is increased after implantation of a heterologous BJV conduit compared with CH. 2, 3 A first and critical step in the pathogenesis of IE is the bacterial adhesion directly to the inflamed or damaged endothelium 1 and/or to the implanted conduits. 14, 15 In this study, we investigated whether the primary bacterial adhesion to graft tissues used for RVOT reconstruction could be linked to structural differences of the tissues, bacterial species specificity, and extracellular exposed substrates, analyzing adhesion both under static and flow conditions, the latter to include hemodynamic aspects of interactions.
Our results show that BJVand CH graft tissue had similar susceptibility toward recruitment of all 3 bacteria when tested in static or flow conditions. These data suggest that the surface structure, the source of the tissue itself, the nature of bacterial surface proteins, and the presence of shear . Median (interquartile range) for the initial inocula was 7.1 (6.8-7.3) log 10 CFU. Each dot represents 1 observation; the bar represents the median value. CFU, Colony-forming unit; BP, bovine pericardium; BJV, bovine jugular vein; CH, cryopreserved homograft; ON, overnight.
forces per se are not prime determinants during initial bacterial adherence. Yet detailed analysis in stasis of S epidermidis adherence to BJV wall, CH wall and leaflet, and of S sanguinis adherence to the CH wall revealed 10-to 100-fold less adhesion compared with that of the BP patch, indicative of intrinsic bacterial factors involved in the control of static binding. In contrast, in conditions where shear forces are applied, bacterial adherence to all tested graft tissues was similar, except that of S sanguinis to the BJV wall, which was reduced compared with that to the BP patch.
Bacterial adhesion is dependent on the balance between dispersive hydrodynamic forces and the adhesive forces generated by the interactions of membrane-bound receptors and their ligands. 20 S aureus adhesion to platelets via S aureus protein A; S aureus clumping factor A; S aureus serine-aspartate repeat proteins C, D, and E 21 ; and VWF 22 are flow-dependent interactions and as such demonstrate the importance of shear in S aureus pathogenesis. Little information on S epidermidis and S sanguinis pathogenesis is available. Bacteria also can exhibit stochastic interactions of nonproteinaceous components of the cell wall (eg, polysaccharide dextran) and surfaces that promote bacterial adhesion, 23, 24 processes further regulated by shear stress during contact.
A more constant high adherence to graft tissue for S aureus compared with S epidermidis and S sanguinis has been reported in previous in vitro studies of adhesion to human and canine aortic valve leaflets. 25 Likewise, increased in vitro adhesion to endothelial cells (ECs) and their invasion have been reported. 17 The SEM analysis of the graft tissues is suggestive of some tissue surface differences that may explain the bacterial adherence profile, presently observed. The apparent trend of increased adhesion of S aureus Cowan to CH leaflets under flow seemed to coincide with the absence of ECs on the major surface area with exposed ECM components, an interpretation supported by VWF immunohistochemistry, which also revealed de-endothelialized areas. The chemical cross-linking process in the BP patch and BJV conduit may affect ECM accessibility for bacterial adhesion. Koolbergen et al 26 reported total or partial absence of ECs on the surface of cryopreserved human allografts after storage and thawing. Even when neoendothelialization of cryopreserved aortic homografts and Melody valves was observed by Schneider et al, 27 thrombotic material was detected on the basis of valve cusps in 4 patients, 3 of whom presented with IE on explanted graft tissues after failure. 27 A recent assessment of in vitro bacterial adhesion to BP patch and Melody valve surfaces by Jalal et al 16 reported a greater susceptibility of the Melody valve surface for S aureus and S sanguinis adhesion compared with BP and porcine pericardium, findings at variance with our present data. In our study, only the inner part of the graft tissues was exposed to bacteria owing to the use of inlets, reducing potential nonspecific bacterial binding to the outer side of the graft tissue. In this way, we attempted to more accurately mimic in vivo perfusion, where only the inner graft surface is in contact with the bloodstream and is exposed to bacteremia. Furthermore, bacterial strains tested by Jalal et al 16 are clinical isolates from patients, diagnosed with Melody valve IE. Clinical strains, especially those of S aureus, can be more virulent owing to the presentation of more pathogenetic surface molecules, including distinct polymorphisms of adhesion molecules (eg, FnBPA) that allow these isolates to preferentially bind and infect medical devices. 28 In addition, the crimping process of the Melody valve was found to increase bacterial adhesion, possibly owing to damage to the BJV conduit structure. 29 We did not assess the crimping process, because we investigated BJV tissue and not the stent-mounted Melody valve. Moreover, the 2 studies involved different BP tissue preparation processes by different suppliers. In the present study we also intended to assess interactions in more physiological shear stress, thought to be a major determinant in the onset of IE; however, we found that shear stress tended to flatten out the variability in adhesion profiles, measured in stasis, between different bacteria and graft tissues tested; that is, the role of specific bacterial adhesive factors was diminished by flow. Nonetheless, the greater susceptibility of the Melody valve surface for S aureus and S sanguinis adhesion compared with BP and porcine pericardium suggests the need for exploration of additional factors to model bacterial adhesion to graft tissue. In our model, we can now investigate the impact of plasma proteins (fibrinogen and immunoglobulins) and blood cells (platelets and leukocytes) on bacterial adhesiveness in conditions where shear forces are more directly implicated in controlling bacterial adhesiveness. S aureus pathogenesis depends on interactions with all these components for its binding to ECs, which further depends on bacterial coagulation control. Correspondingly, the thrombogenicity of graft tissues, as well as the degree of neo-endothelization, will require precise assessment. Preclinical and clinical analyses of the flow dynamics 30 after RVOT reconstruction with the different graft tissues might elucidate the importance of hemodynamic and shear stress conditions in vivo.
In conclusion, in flow conditions especially, bacterial adhesiveness to graft tissue depends to only a minor degree on the strain analyzed and on morphological tissue differences in various graft tissues, necessitating the inclusion of more accurate hemodynamic flow parameters to understand the mechanisms dictating initial bacterial adherence to implanted graft tissue.
